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Recently, the LIGO observatory reported the first direct observation of gravitational waves, with a
signal consistent with a binary black hole merger. This detection triggered several follow-up searches
for coincident emission in electromagnetic waves as well as neutrinos, but no such emission was found.
In this article, the implications of the non-detection of counterpart neutrinos are investigated using
general arguments. The results are interpreted with a parameter denoting the energy emitted in
neutrinos relative to the energy emitted in gravitational waves. The bound on this parameter from
the diffuse astrophysical neutrino flux detected by the IceCube Neutrino Observatory is discussed.
It is found that, currently, the non-detection of counterpart neutrinos puts a bound comparable
to the one from the diffuse astrophysical neutrino flux. This bound is then used to constrain the
amount of matter in the black hole binary environment. Finally, the sensitivity to this parameter in
future gravitational wave observation runs is investigated. It is shown how the detection of one or
more neutrinos from a single merger would strongly constrain the source population and evolution.
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I. INTRODUCTION AND MOTIVATION
On September 14th 2015, the two detectors of the
Laser Interferometer Gravitational-Wave Observatory
(LIGO) observed a transient gravitational wave signal,
referred to as GW150914 [1]. This signal matches with
the expectations from the merger of two black holes
with masses equal to 36+5−4 M and 29
+4
−4 M. The
LIGO detection triggered a large follow-up campaign
in both electromagnetic [2] as well as neutrino [3–5]
detectors. None of the follow-up searches triggered
by GW150914 led to a significant detection1. After
the detection of GW150914 several models have been
constructed that give rise to photon emission during a
binary black hole (BBH) merger [7–9]. Nevertheless,
in general no emission apart from gravitational waves
(GW) is predicted, since no matter is expected to be
present in the environment of the black hole binary. To
test this hypothesis, given that Megaton-scale neutrino
detectors such as IceCube [10], ANTARES [11] and
Baikal-GVD [12] are available, it is useful to search for
counterpart neutrinos. In view of the multi-messenger
approach, a neutrino detection of a source discovered in
gravitational waves would shine a unique light on the
source properties.
In this paper, the potential of probing neutrino
emission from GW sources from current and future
GW events is investigated. A general approach is used
which allows to constrain, for a given type of merger,
the fraction of energy released in neutrinos relative to
gravitational waves. The focus will be on the IceCube
1 The Fermi-GBM has however reported a sub-threshold transient
event, consistent with a short GRB [6]. It is still unclear whether
this was associated with GW150914 or a chance coincidence.
and ANTARES neutrino observatories and their energy
range, above 100 GeV up to several PeV. At energies
around the MeV-scale, neutrino emission could also be
investigated. KamLAND [13] has published results of a
search for MeV-neutrinos as counterpart of GW150914.
However, it is likely that neutrinos at these energies
would be produced by a completely different mechanism
and matching the two results requires a detailed mod-
elling of the ν-spectrum.
In Section II, the method is defined, followed by a brief
discussion of the neutrino emission. It is shown how the
diffuse astrophysical neutrino flux directly constrains the
possible neutrino emission from BBH mergers. In Sec-
tion III, the method is applied to GW150914, with the
focus on IceCube and ANTARES. Afterwards, the same
method is repeated for multiple BBH mergers that could
be detected in future observation runs. The gain in sen-
sitivity and the reach by the end of LIGO run O2 is
investigated. Finally, in Section IV, it is discussed how
the current results are affected when considering differ-
ent distributions of black hole masses. In addition, it
is shown how the general results given here, can be in-
terpreted using specific models. This immediately leads
to a bound on the amount of matter in the black hole
binary environment. It should be stressed that, while
the focus here is on BBH mergers, the parametrization is
completely general and can also be used for other types of
GW sources that might be discovered in the near future,
such as neutron star-black hole and neutron star-neutron
star mergers, for which neutrino emission is expected.
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2II. METHOD
A. Neutrino emission strength
The high-energy neutrino emission from the gravi-
tationally detected BBH merger is investigated using
the energy released through gravitational waves in
combination with observations by neutrino telescopes.
This will be applied to GW150914, which released
3+0.5−0.5 M of energy into gravitational waves from a
distance of 410+160−180 Mpc according to the LIGO analysis.
The amount of energy emitted in neutrinos within a
certain energy range relative to the amount of energy
emitted in gravitational waves (as reported by LIGO) is
characterized by the neutrino emission fraction
fνBBH =
Eν
EGW
. (1)
There are different possibilities for the definition of
fνBBH. In the scenario presented above, it is implicitly
assumed that there is an additional neutrino emission on
top of the measured GW emission, with an energy of
EGW = 3 M ,
Eν = f
ν
BBH × 3 M ,
(2)
in the case of GW150914. Another scenario can be en-
visioned, where part of the energy loss of the binary is
emitted in gravitational waves, while the other part is
emitted in neutrinos and possibly other particles
EGW = 3 M − fνBBH × 3 M −X,
Eν = f
ν
BBH × 3 M .
(3)
In this case the definition of fνBBH should be changed
to contain the measured mass difference as reported
by LIGO, instead of EGW. The most straightforward
way to overcome this loss in signal strength is to
perform a shift in the source distance. Note that
the two cases imply different physics. The first case
can represent neutrino emission coming from matter
around the black holes, where fνBBH can be larger
than one. In the second case one considers more
exotic scenarios, where part of the energy that would
go to gravitational waves, is instead emitted in neutrinos.
If fνBBH is small, the difference between the two cases
becomes negligible. A large fνBBH would imply a signifi-
cant change in the physical conditions, either through
added matter or by having weaker gravitational waves.
In that case, the agreement between the measured signal
and the general relativity simulations would likely be
spoiled. Therefore, it will be assumed that fνBBH is
small. As will be shown in this paper, this assumption
is valid.
High energy neutrino emission is typically associated
with gamma-ray emission through pion decay. Whereas
neutrinos can propagate unhindered, gamma-rays can be
attenuated in a multitude of ways on their journey to
Earth. To take this into account one needs to consider
a specific model for the source environment. Therefore,
in order to stay as general as possible, only the neutrino
emission is treated, ignoring any constraints from gamma
emission.
B. Neutrino emission properties
Two benchmark scenarios of neutrino emission are
considered, both a mono-energetic spectrum as well
as an E−2-spectrum. The first scenario can be used
when the neutrino spectrum is dominated by a single
energy. It also allows for a direct convolution with
any user defined spectrum. The second scenario is the
standard power-law distribution that follows from Fermi
acceleration. While there is no theoretical reason to
expect a spectral index of exactly two for the situation
considered in this work, it is the one corresponding to
the high-energy flux given by IceCube [14]. In both
cases, the spectrum is normalized to Eν .
In the mono-energetic case, a scan is performed over
the neutrino energy between 100 GeV and 100 PeV
equal to the energy range of interest for IceCube and
ANTARES. Since the number of neutrinos produced
for mono-energetic production scales like 1/E, while
the interaction cross section for detection in this energy
range increases with E [15], one expects that, up to
detector effects, the amount of neutrinos detected at
Earth is roughly constant. The same argument shows
that, for general input spectra, the total number of
detected neutrinos should be independent of the exact
shape of the spectrum (assuming energy conservation).
When converting the emitted luminosity to the
neutrino flux received at Earth, both the distance to
the source (which is given by LIGO) and the angular
distribution of the emission need to be considered. The
luminosity distance given by LIGO has an associated
uncertainty of about a factor of two. In the following, for
simplicity, only the result of the central value is shown.
Gravitational waves from two merging black holes
which are spiralling into each other, are emitted in all
directions, with a slightly stronger flux along the angular
momentum vector of the binary system. Therefore, the
most likely orientation of a detected event is either face-
on or face-off (see e.g. [16]). In the case of jet-formation
one expects the electromagnetic and neutrino emission to
be beamed along this same direction. Therefore, it can
be expected that, if there is emission other than gravi-
tational waves, such emission would also be detectable.
However, to stay general, all calculations will initially be
3done assuming isotropic emission. In the case of beam-
ing, the flux will be enhanced with the beaming factor
and the corresponding result can be directly obtained by
rescaling from the isotropic case. An additional correc-
tion factor could also be included to take into account
the possible different orientations of the source system.
Redshift effects on the flux of individual events will be
ignored in the following, which is reasonable in view of
the current distance probed by LIGO. Finally, full mix-
ing between the neutrino flavours is assumed, so that all
three flavours arrive at Earth in equal amounts.
C. Astrophysical bound
In this section, the diffuse astrophysical neutrino flux
first detected by IceCube in 2013 [17] is used to put an
upper bound on fνBBH, following the approach in [18, 19].
Under the assumption that BBH mergers emit neutrinos
throughout the history of the universe, the maximally
allowed fνBBH is the one which saturates the astrophys-
ical neutrino flux. The rate of BBH mergers detectable
by LIGO in the local universe is determined from all de-
tected GW events so far2. The 90% credible interval is
given by [16]
R = 9− 240 Gpc−3yr−1. (4)
To determine this range, in [16] different black hole mass
distributions are considered. In case of a mass distribu-
tion flat in log mass, given by p(m1,m2) ∝ 1m1m2 , the
rate becomes,
Rflatlog = 31
+42
−21Gpc
−3yr−1. (5)
In case of a mass distribution following a power law equal
to p(m1) ∝ m−2.351 , and m2 uniform, the inferred rate
becomes [16],
Rpowerlaw = 97
+135
−67 Gpc
−3yr−1. (6)
For both distributions, it was required that 5 M ≤ m2 ≤
m1 and m1 +m2 ≤ 100 M.
For events with black hole masses similar to
GW150914, the corresponding rate is given by [16],
RGW150914 = 3.4
+8.8
−2.8Gpc
−3yr−1. (7)
The diffuse neutrino flux resulting from a set of BBH
mergers with properties similar to GW150914 will be con-
sidered. They produce gravitational waves with an en-
ergy of 3 M along with an associated neutrino flux that
follows an E−2-spectrum between 100 GeV and 100 PeV.
2 Besides GW150914, an additional binary black hole merger was
detected, as well as a potential BBH merger in run O1 [16].
The corresponding rate of this class is given by R, for
now unspecified. It will be discussed in Section IV how
the results for a class of mergers with properties similar
to GW150914 can be translated to results on the entire
population of BBH mergers. The consequent diffuse neu-
trino flux is directly given by [20],
E2
dNν
dEν
∣∣∣∣
obs
=
(
fνBBHtH
c
4pi
ξz
)
E2
dN˙ν
dEν
∣∣∣∣∣
inj,fνBBH=1
, (8)
where
E2
dN˙ν
dEν
∣∣∣∣∣
inj,fνBBH=1
= R E2φ(Eν). (9)
In here, φ(Eν) (in units of GeV
−1) is the total differential
neutrino flux from an individual event with a total energy
budget of Eν = 3 M . The cosmic evolution of the
sources is contained in ξz. Following [19], one has
ξz(E) =
∫ ∞
0
dz
H0
H(z)
Lν(z, (1 + z)E)
Lν(0, E) , (10)
where H(z) is the redshift dependent Hubble parameter
and Lν(z, E) = H(z)Qν(E) is the spectral emission rate
density. H(z) is the source density, with H(0) = R,
while Qν(E) is the emission rate per source. For a
power law (L ∝ E−γ), ξz is energy-independent. For
H(z) following the star formation rate (SFR) [21, 22],
this results in ξz ≈ 2.4. For no evolution in the local
universe (z < 2), it results in ξz ≈ 0.5. In the following,
ξ = 2.4 will be used, unless stated otherwise.
The diffuse astrophysical neutrino flux measured by
IceCube is given by [14]
E2Φ(E) = 0.84± 0.3× 10−8 GeV cm−2s−1sr−1, (11)
fitted with a fixed spectral index of 2 in the range
between 60 TeV and 3 PeV of deposited energy. While
there is a more up-to-date estimate of the flux [23],
which was fitted with a free spectral index, the analysis
is performed using the standard spectral index of 2.
Since the assumed neutrino spectrum is valid over an
energy range wider than the one where this spectrum
was measured, the upper bound on fνBBH is found when
the fluxes predicted by Eq. (8) and observed by IceCube
in Eq. (11) are equal, i.e. when the normalization
constants are equal.
The resulting bounds on fνBBH will be calculated for
two source classes. When considering only the neutrinos
emitted by BBH mergers similar to GW150914, the rate
given in Eq. 7 is used to give
fνBBH
<∼ 3.63+17.0−2.62 × 10−3. (12)
It is also possible to consider the full mass distribution
of BBH mergers. Since this distribution is not known,
4there is instead a range of merger rates (Eq. 4), resulting
in a bound on fνBBH between
fνBBH
<∼ 5.15× 10−5 − 1.37× 10−3. (13)
The first of these bounds (Eq. 12) will be used when the
bounds from GW150914 itself are investigated in Sec-
tion III A, while the second (Eq. 13) will be used to com-
pare with the prospective bound from a population of
detected BBH mergers in Section III B.
It should be noted that as further GW events are
detected by LIGO and Virgo, the BBH mass distribution
and typical EGW will be known with more precision.
This will allow the present bound to be calculated more
accurately.
If BBH mergers emit neutrinos with a mono-energetic
spectrum, the results change. The diffuse neutrino spec-
trum from these BBH mergers will follow the redshift evo-
lution of the source, instead of a simple power-law spec-
trum. We therefore restrict ourselves to an E−2 emission
scenario for the astrophysical bound.
III. DETECTION OF GW NEUTRINOS
A. Limits from GW150914
In order to show how the non-detection of counterpart
neutrinos3 from GW150914 constrains the neutrino
emission fraction fνBBH, it is necessary to convert the
flux at Earth to the flux seen in a detector. The
present analysis will focus on both IceCube [10] and
ANTARES [11], which can detect high energy neutrinos
between 100 GeV and 100 PeV. In order to be similar
to the follow-up search of GW150914 by IceCube [3],
the IceCube effective area presented in [24] will be used.
Such an effective area is obtained from a search for muon
neutrinos, because of their excellent pointing. Assuming
full mixing between the neutrino species, this means
that the flux of interest is roughly a factor 3 smaller.
The IceCube effective area is given for three declina-
tion bands in the Southern Sky (−90◦ < δ < −60◦,
−60◦ < δ < −30◦ and −30◦ < δ < 0◦). The IceCube
analysis is such that the background rate is uniform
over the entire sky. In a time window of 1000 s around
GW150914, which can be assumed to contain the full
neutrino signal, the expected background is 2.2 events
over the full Southern Sky [3]. Similarly, the ANTARES
effective area presented in [25] will be used, which is
given for two declination bands in the Southern Sky
3 Three neutrino events were detected in the 1000 s time window
around GW150914, which were outside the 99% confidence re-
gion given by LIGO. This number being compatible with the
background expectation, we consider that no signal events were
detected.
(−90◦ < δ < −45◦ and −45◦ < δ < 0◦). From this,
ANTARES expected to see 0.014 neutrino events in
the Southern Sky in a time window of 1000 s around
GW150914 [3]. The localization of GW150914 is such
that it is spread out over the Southern Sky.
In Fig. 1, the number of detectable neutrinos is shown
for a BBH merger similar to GW150914, located in the
Southern Sky given a neutrino energy fraction equal
to fνBBH = 10
−2. The obtained values are given for
isotropic, mono-energetic emission between 100 GeV and
100 PeV. It follows that the IceCube sensitivity drops
towards the more southern declination bands, which can
be understood by the atmospheric muon background
which becomes increasingly larger for this part of the
sky. ANTARES on the other hand, since it is located
in the Northern Hemisphere, is shielded for atmospheric
muons for this part of the sky and only has to cope with
the atmospheric neutrino background. As such, for the
most southern part of the sky, at energies below 10
TeV, the ANTARES sensitivity becomes leading.
From the different results in Fig. 1, it can be seen
that, for monoenergetic neutrino emission and for con-
stant fνBBH, the number of detectable neutrinos varies
little between 104 GeV and about 107 GeV. Outside this
range, the sensitivity is affected by detector energy reso-
lution in the lower end and limited statistics in the upper
end of the energy range. Indicated on the figure is the
single neutrino detection threshold (dashed red line). It
follows that the non-detection of counterpart neutrinos
for GW150914 puts a bound equal to
fνBBH
<∼ 10−2,
in an energy range between 104 GeV and 107 GeV for
mono-energetic emission when considering the effective
area near the horizon. For the more southern effective
area, the bound is weakened.
Next, the constraints for the more standard case
of an E−2-spectrum will be investigated. Given that
LIGO localizes GW150914 in an area spread out over
the entire Southern Sky and considering the difference
in effective area for the various declination bands, the
analysis will be done for two extreme cases. Firstly,
for the declination band −30◦ < δ < 0◦, the effective
area of IceCube is the largest since in this region the
atmospheric muon background is still relatively small.
The resulting bound for this region is optimistic and will
be used test whether a neutrino signal could have been
seen even in the best case scenario for viable models of
neutrino emission from BBH mergers. Secondly, in order
to have a conservative bound on fνBBH, the effective
area in the declination band −90◦ < δ < −60◦ will also
be considered. Here, ANTARES has a larger effective
area in the low energy range, while the one of IceCube
is larger in the high energy range. Since a combined
analysis is beyond the scope of this work, the energy
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FIG. 1: The amount of neutrinos detectable for a single GW
event similar to GW150914 in the case of isotropic mono-
energetic emission for fνBBH = 10
−2 as a function of neu-
trino energy. The results are shown for both IceCube and
ANTARES and for different declination bands.
range is instead split in two regimes, so that in each
energy regime the experiment with the largest effective
area is used.
For the calculation of the astrophysical bounds, only
the sub-class of binary black hole mergers that is similar
to GW150914 will be considered. All of these mergers
emit 3 M of energy in gravitational waves, with a
rate as in Eq. 7. The resulting bound on fνBBH was
already given in Eq. 12. Since the contribution from
BBH mergers with different properties are not taken
into account, this leads to a conservative bound on fνBBH.
In Fig. 2, the predicted flux assuming an isotropically
emitted E−2 spectrum is shown for different values of
the neutrino energy fraction fνBBH ranging from 10
−7 to
1, indicated by the blue bands. The red dashed line
again indicates the threshold where a single event detec-
tion would be detected integrated over the entire energy
range. It follows that the non-detection of a neutrino
counterpart from GW150914 puts an optimistic bound
fνBBH
<∼ 1.24× 10−2,
using the effective area in the declination band −30◦ <
δ < 0◦, and a conservative bound
fνBBH
<∼ 5.89× 10−2,
using the effective area in the declination band
−90◦ < δ < −60◦. The resulting bounds for the
different cases therefore show little difference. As
previously stated, the astrophysical bound has a value of
fνBBH
<∼ 3.63+17.0−2.62 × 10−3 (Eq. 12) and therefore stands
below the single event detection threshold.
Fig. 3 shows the integrated number of events one
expects from a source class with the properties of
GW150914 as a function of the neutrino energy frac-
tion fνBBH, for both isotropic (full blue line) and beamed
(dashed blue line) emission. To investigate which fνBBH
could have lead to a visible neutrino signal in the most
optimistic case, the effective area of IceCube near the
horizon will be used. The expected number of back-
ground events is 2.2 in a time window of 1000 s around
GW150914 for the entire Southern Sky [24]. This number
can then be rescaled to a solid angle of 600 deg2, which
corresponds to the localization of GW150914. The result-
ing background, which is shown by the full black line,
is negligible for a single event. The bound from non-
detection can be read off from the crossing of these blue
lines with the one detected event threshold given by the
red dashed line. In the case of beaming, the flux towards
Earth can be enhanced. For example, if a jet emits in a
patch of ∆Ω = 0.2× 0.2 in solid angle, the flux would be
enhanced with a factor 4pi0.2×0.2 . As can be read off from
Fig. 3, the one detectable event threshold in the case of
a beamed E−2-spectrum would then become
fνBBH = 3.96× 10−5 ×
∆Ω
0.2× 0.2 .
The astrophysical flux would not change when individual
sources have a beamed emission, since the diffuse flux is
still isotropic. It follows that the limits on fνBBH obtained
from the non-detection of counterpart neutrinos from
GW150914 are stronger than those obtained from the
astrophysical flux assuming a beamed emission close
to the equator. This immediately implies that in case
BBH mergers similar to GW150914 are responsible for
the astrophysical neutrino flux, that either the emission
from GW150914 was not beamed towards Earth, or that
the beaming was smaller than ∆Ω = 3.68 sr.
Since no neutrino has been detected so-far and the
single event detection threshold for isotropic emission
is above the astrophysical bound, currently all source
populations are still allowed. In case of a neutrino
detection in the near future, fνBBH will still be above the
given astrophysical bound. This would imply that the
assumptions that went into this bound are too strong, so
that merger rate, injected energy and source evolution
are constrained. This point will be elaborated upon in
the following sections.
B. Prospects
In LIGO run O2, it is expected that more BBH
mergers will be seen. Here, it is investigated how a
stacked search of these events can constrain fνBBH,
assuming the more realistic E−2 neutrino emission
spectrum. Since the full BBH population is considered,
the rate estimate in Eq. 4 will be used. As a result both
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(a) Results using only IceCube, for the effective area in the
declination band −30◦ < δ < 0◦. This is the most sensitive region
and leads to the most optimistic bound on fνBBH.
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(b) Results using the effective area in the declination band
−90◦ < δ < −60◦, which is the least sensitive region. ANTARES
and IceCube effective areas are used in the energy range where the
respective experiment is the more sensitive.
FIG. 2: The detected flux for a single GW event similar to GW150914 in the case of an isotropic E−2-spectrum, for different
fνBBH (blue band). The red dashed line shows the flux for which one event is detectable for this BBH merger event. The green
lines show the upper bound from the astrophysical neutrino flux and its uncertainty for the class of BBH mergers similar to
GW150914 (Eq. 7)
.
a high and a low astrophysical bound will be shown,
corresponding to Eq. 13. Furthermore, it is assumed
all the BBH mergers will be similar to GW150914,
radiating 3 M in gravitational waves from a distance
of 410 Mpc. These assumptions will be discussed
in Section IV. Since GW150914 is expected to be
among the more powerful BBH mergers that could
occur and it is relatively close by, this leads to an esti-
mate of the smallest fνBBHthat can potentially be probed.
The details of the analysis are similar to the one in
the previous section, with minor adjustments. Because
the mergers could happen anywhere in the sky, the
IceCube effective area is averaged over the full sky. The
localization of GW events is expected to improve with
the improvements and enlargement of the LIGO-Virgo
network [26]. In that case, neutrino observatories will
be able to limit their search to a smaller solid angle in
the sky, resulting in a reduced background. Therefore,
the calculation is done for a localization of 600 deg2,
100 deg2 and 20 deg2. Only the irreducible background
from atmospheric neutrinos [27] is considered. This
simplification that corresponds to the case of an ideal
analysis, is also representative for the near future
situation where KM3NeT [28] and Baikal-GVD [12] will
be online, and both the Northern and Southern Sky will
be optimally observed. The background is integrated
over 1000 s, which is the time window considered in the
GW follow-up analysis. This conservative time window
allows for the assumption that the full neutrino signal is
contained.
Fig. 4 shows the average upper limits on fνBBH at 68%,
95% and 99% confidence level (blue bands) that can be
expected as a function of the number of detected BBH
merger events (NGW) by LIGO. The calculation of the
upper limits follows the approach in [29]. The bands
indicate the possible improvement of the localization
BBH merger events from 600 deg2 to 20 deg2. The
red dashed line indicates at what fνBBH at least one
signal neutrino can be detected, integrated over all
BBH merger events. At first, the limit on fνBBH drops
proportionally to the single event detection threshold,
since the detection is purely signal limited. Starting at
around 10 BBH mergers, however, the background starts
to become significant and the limit drops less fast. It
is at this point that the improved localization starts to
become important.
The obtained values for fνBBH can be compared with
the astrophysical bounds corresponding to the upper and
lower limits of the BBH merger rates given in Eq. 4,
which, following Eq. 13, are equal to fνBBH
<∼ 1.37× 10−3
and fνBBH
<∼ 5.15× 10−5, shown by the hatched green
lines. It should be noted that as more BBH mergers are
observed, the estimate of the rate will improve, so that
these two astrophysical bounds should get closer. It is
found that the average upper limits on fνBBH reach the
highest astrophysical bound at
NGW >∼ 10, 12, 14,
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FIG. 3: The integrated number of events from a source with
the properties of GW150914, following an E−2-spectrum for
different fνBBH, with isotropic emission as a full blue line and
beamed emission as the dashed blue line. The fat black line is
the atmospheric neutrino flux, which is integrated over a time
window of 1000 s and a solid angle of 600 deg2. The red dashed
line shows the one detectable event threshold. The green lines
show the upper bound from the astrophysical neutrino flux
and its uncertainty for the class of BBH mergers similar to
GW150914 (Eq. 7).
at 68%, 95% and 99% CL respectively, with small dif-
ferences between the different uncertainties in the local-
ization. If signal neutrinos would be found before reach-
ing this number of BBH mergers, the source population
(merger rate and cosmic evolution of the sources) would
be strongly constrained by the diffuse astrophysical neu-
trino flux. The average upper limit from a search for
counterpart neutrinos only reaches the lowest astrophys-
ical bound for
NGW >∼ 300,
at 68% CL and for a localization of 20 deg2. The vertical
band indicates the expected number of BBH merger ob-
servations at the end of LIGO run O2, which is between
10-35 [30]. A wider estimate puts this number between
2-100, which covers the whole plot. It follows that the
number of GW events needed to constrain the lowest as-
trophysical bound is well outside the reach of LIGO run
O2. By the end of run O2, if 10 BBH mergers would
be observed, it would be possible to limit fνBBH down to
about
fνBBH ≈ 1× 10−3, 4× 10−3, 6× 10−3,
at 68%, 95% and 99% CL respectively. If indeed 35 BBH
mergers would be observed, it would be possible to limit
fνBBH down to about
fνBBH ≈ 5× 10−4, 1× 10−3, 2× 10−3,
at 68%, 95% and 99% CL respectively.
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FIG. 4: The expected average upper limits on fνBBH at 68%,
95% and 99% CL (from bottom to top) as a function of num-
ber of 3 M BBH mergers observed in gravitational waves,
using the IceCube effective area averaged over the full sky.
Depending on the LIGO accuracy in locating the event, the
IceCube background rejection varies and results in upper limit
bands for localizations between 600 deg2 and 20 deg2. The
green hatched lines show the upper bounds from the astro-
physical neutrino flux for the upper and lower limit of the
BBH merger rate for the full population of BBH mergers
(Eq. 4). The vertical band shows the expected number of
BBH mergers seen in LIGO run O2.
Following Eq. 8, there is a degeneracy between the neu-
trino energy fraction fνBBH and the source evolution pa-
rameter ξz. To illustrate this degeneracy, in Fig. 5, the
ξz-f
ν
BBH plane is shown. The constraints from the di-
rect neutrino searches are given on the top-axis. Hence,
the current constraint from the non-detection of a neu-
trino counterpart from GW150914 is given by NGW = 1
and the possible constraints after LIGO run O2 are in-
dicated by the red band. The solid green lines indicate
the bounds where the GW neutrino flux would saturate
the astrophysical neutrino flux detected by IceCube. It
follows that if a single counterpart neutrino event would
have been observed, or is observed within 10 GW events,
the astrophysical flux can only be explained for source
evolutions ξz < 3. Given the current uncertainties on the
BBH merger rate, to rule out BBH mergers as the main
sources for the astrophysical neutrino flux, one needs to
detect at least 1000 BBH mergers. Nevertheless, assum-
ing that the BBH merger rate is determined accurately
to its central value after several detections, this might
already be achieved after the 10-35 events predicted for
LIGO run O2. To illustrate the level at which BBH merg-
ers can be excluded as the source for the diffuse high-
energy astrophysical neutrino flux, in Fig. 5, the bounds
(thin green lines) where the BBH merger neutrino flux
would correspond to 1% of this flux are also indicated.
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FIG. 5: The ξz-f
ν
BBH plane that can be constrained with the
combination of the astrophysical diffuse flux (hatched green
lines) and direct searches for coincident ν’s. The horizon-
tal axis on top shows the number of gravitational wave events
similar to GW150914 (NGW) necessary to see the correspond-
ing value of fνBBH at 68% CL (as in Fig. 4 and with a 100 deg
2
resolution). Also shown are the bounds when BBH mergers
can only be responsible for 1% of the diffuse astrophysical
neutrino flux (thin green lines). The vertical band shows the
expected number of BBH mergers seen in LIGO run O2. The
two values of ξz corresponding to a source evolution follow-
ing the star formation rate and no evolution are indicated by
black lines.
IV. DISCUSSION
A. Population of BBH mergers
The arguments presented in this paper should be
robust, general and lead to order of magnitude estimates
for the neutrino emission fraction fνBBH. In order to ex-
tend the predictions on fνBBH to BBH mergers of varying
black hole masses (and thus varying EGW), one has to
make an assumption on the scaling of the neutrino emis-
sion for these different masses. The simplest assumption
is that Eν ∝ EGW, so that fνBBH is a universal fraction
for all binary black hole mergers. This assumption is
valid, for example, if both EGW and Eν are proportional
to the sum of the masses of the black holes. This is
a reasonable approximation for EGW, since it is true
for equal-mass non-spinning black holes in the inspiral
phase, as the released energy is proportional to the
reduced mass of the binary. The validity of this approx-
imation was checked using fits to numerical simulations
of non-spinning binary black hole mergers [31, 32]. For
Eν , this scaling depends on the origin of the neutrino
emission. In the case of a GRB-like scenario, the matter
that seeds the neutrino production is a remnant of the
original star that formed the black hole. There, the
assumption that the amount of matter available scales
linearly with the star (and black hole) mass is reasonable.
It is also possible to consider more general relations
between EGW and Eν . This is illustrated by decomposing
fνBBH,
fνBBH = f0 × g
(
MBH
MGW150914
)
. (14)
Here the normalized mass function g
(
MBH
MGW150914
)
includes the amount of matter available to produce
neutrinos, where in this article only a dependence on
the combined mass of the black holes MBH = m1 + m2
is considered.
To illustrate the effect of such a scaling, one can
consider the situation described in the previous sections.
To obtain the diffuse neutrino flux, the emission per
source has to be convoluted with the black hole mass dis-
tribution. By considering a black hole mass distribution
flat in log mass (p(m1,m2) ∝ 1m1m2 ), in combination
with a neutrino emission proportional to MBH (i.e.
g = 1 and fνBBH universal), the diffuse neutrino emission
is roughly independent of the black hole masses. There-
fore, the results presented in Fig. 4, assuming all BBH
mergers would be similar to GW150914, resemble the
realistic situation of a flat in log mass BBH distribution,
in combination with a neutrino emission that scales
linearly with the black hole mass. The energy fraction is
now calibrated by fνBBH(MBH = MGW150914) = f0.
Another possible situation could be inverse mass scal-
ing such that Eν ∝ 1/MBH, which leads to
fνBBH (MBH) = f0 ×
(
MGW150914
MBH
)2
. (15)
In case of a flat in log mass distribution, the neutrino
emission from high-mass black hole binaries will be
further suppressed, hence the neutrino emission in this
situation will be dominated by low-mass black hole
mergers.
It follows that if one is able to determine the neu-
trino energy fraction fνBBH for different sub-classes of
BBH mergers, the internal neutrino emission properties,
as well as the source environment are directly probed. An
example of a specific sub-class is given in [8]. Here BBH
mergers in active galactic nuclei are considered, where
it is shown that one might expect an enhanced neutrino
energy fraction fνBBH for this source class.
B. Model-dependent interpretation
The results presented here can be used to draw more
model specific conclusions on the neutrino production.
In general, no neutrino emission is expected from BBH
mergers, since the black holes should have cleared the
9environment of all matter long before the merger occurs.
This statement can be tested, by assuming neutrinos are
produced by accelerated matter around the BBH, corre-
sponding to the case of Eq. 2. One can then decompose
fνBBH as
fνBBH = fmatter × fengine × p,acc × ν . (16)
Herein fmatter denotes the amount of matter present
around the BBH relative to the amount of energy
emitted in gravitational waves. The acceleration model
is contained in the combination fengine× p,acc. The first
of these, fengine, contains the amount of energy which is
put into an acceleration engine, relative to the amount
of matter present. The second of these, p,acc, reflects
the amount of protons which can be accelerated to high
energy. The fraction of energy from the accelerated
particles that ends up in neutrinos in the considered
energy range is given by ν .
As an example, assume that the situation of an accre-
tion disk falling into a BBH is similar to matter from
a neutron star falling onto a companion black hole. In
this situation, the neutrino production mechanism is sim-
ilar to the GRB-fireball model [33]. The conversion fac-
tor from accretion disk mass to fireball energy (primar-
ily from potential energy) is expected to be of order
fengine = 1/10. The amount of energy from the fire-
ball that goes into the protons is given by p,acc = 1/10.
Finally, the amount of energy in protons that goes into
neutrinos is given by ν = 1/20. Hence
fνBBH
<∼ fmatter × 5 · 10−4. (17)
This allows then to immediately constrain the amount of
matter surrounding the two black holes. Using the non-
detection of counterpart neutrinos in GW150914, which
was in the most optimistic case at fνBBH = 3.96× 10−5 for
beamed emission in a typical solid angle ∆Ω = 0.2× 0.2
directed towards Earth, this results in
fGW150914matter
<∼ 7.9× 10−2 ×
∆Ω
0.2× 0.2 . (18)
In addition, the expected limit after 10 and 35 BBH
mergers detected by LIGO can also be used. From
the analysis in Section III B, the expected limit on the
amount of matter in the black hole binary environment
is
fNGW=10matter
<∼ 6× 10−3 ×
∆Ω
0.2× 0.2 . (19)
fNGW=35matter
<∼ 3× 10−3 ×
∆Ω
0.2× 0.2 . (20)
From Fig. 4, it follows that the astrophysical limits are
weaker than the limits obtained from the non-detection
of counterpart neutrinos from GW150914 in case of a
beamed emission. As such, only the latter is considered
for the limit on fmatter.
To get an estimate of fνBBH for possible neutrino
emission coming from BBH mergers using the GRB-
fireball mechanism, consider the model in [7]. There,
one predicts an amount of matter of 10−3-10−4 M
in a non-active accretion disk around one of the black
holes, coming from a massive progenitor star with
low metallicity. Upon the merger, this disk is then
reactivated and leads to a burst. Using these values, one
gets fνBBH ≈ 10−7 for the fireball model. This should
be compared with the reach in Fig. 4, rescaled to lower
values of fνBBH with a beaming factor. For a beaming
factor of 4pi0.2×0.2 , this f
ν
BBH is still below the estimated
reach. This is in agreement with the bound on fmatter
found above, as the viable models predict a flux that is
not yet observable. It should be noted that several other
models predict that the amount of available matter
would be even lower [34].
Even though neutrino production is generally not
expected from BBH mergers, in this section several
realistic models have been considered. It follows that the
predicted neutrino fluxes are below the current limits.
However, in the near future, enough BBH mergers will
have been detected so that searches for neutrino emission
from these sources will be able to probe the black hole
binary environment, independently from searches for
gamma ray emission.
Since the method presented in this article is completely
general and makes no assumptions on the source prop-
erties, it can also be used for neutron star mergers and
black hole-neutron star mergers. In this case one does
expect an electromagnetic and neutrino emission, since
there is matter present in the source environment. In
fact, these objects are thought to be the inner engines of
(short) GRBs [35]. Note that it is also possible to have
fνBBH > 1 for such objects. Using the decomposition of
fνBBH shown above, the results can be easily interpreted
using specific models.
V. CONCLUSION
It was investigated how the detection of GW150914
and the corresponding neutrino analysis4 influence the
ability to constrain possible neutrino emission from
BBH mergers, independent of gamma-ray observations.
The measurements were interpreted in terms of fνBBH,
4 After the submission of this paper, the follow-up analysis for the
other two GW event (candidates) was published [13, 36]. No
signal neutrinos were observed. The corresponding limits can be
read off from Fig. 4.
10
TABLE I: Summary of the strongest bounds on fνBBH (order of
magnitude), assuming an E−2-power law neutrino spectrum.
fνBBH
GW150914 non-detectiona 10−2 × ∆Ω
4pi
Astrophysical flux (GW150914-like) 10−3 − 10−2
Astrophysical flux (All LIGO mergers) 10−3 − 10−5
Prospects (NBBH = 10) at 68% CL 10
−3 × ∆Ω
4pi
Prospects (NBBH = 35) at 68% CL 10
−4 − 10−3 × ∆Ω
4pi
Expectation: Fireball + dead acc. diskb 10−7
aThis bound is similar for the mono-energetic case.
bThis should be compared with the bounds on fνBBH for the
beamed case.
the fraction of energy released in neutrinos in a given
energy range compared to the energy in gravitational
waves. Additionally, under the assumption that Eν
scales linearly with EGW, the energy fraction f
ν
BBH
is universal. It was shown that this assumption, in
combination with a realistic BBH mass distribution flat
in log mass, leads to a diffuse emission which is roughly
independent of the BBH mass.
In our analysis isotropic emission was assumed, where
the effects of beaming lead to a direct rescaling. The
order of magnitude limits on the neutrino emission frac-
tion fνBBH are summarised in Table I. It follows that the
limits on fνBBH obtained from the non-detection of coun-
terpart neutrinos from GW150914 are weaker than those
obtained from the astrophysical flux assuming a isotropic
emission. In case of beamed emission, the non-detection
limit could fall below the astrophysical limit. This im-
mediately implies that in case BBH mergers similar to
GW150914 are responsible for the astrophysical neutrino
flux, that either the emission from GW150914 was not
beamed towards Earth, or that the beaming was smaller
than ∆Ω = 3.68 sr.
The same technique was also used to provide an
estimate of the lowest fνBBH that can be probed in
run O2 of LIGO, by assuming all events have the
same properties as GW150914. It was found that
after NGW >∼ 10, 12, 14 at 68%, 95% and 99% CL
respectively, the fνBBH that can be reached is below the
highest astrophysical bound. Below this value, BBH
mergers can contribute at most partially to the diffuse
astrophysical neutrino flux. Estimates for the number of
BBH mergers in LIGO run O2 are between 10 and 35
events. The average upper limits that can be reached
after these numbers of events are also shown in Table I.
Furthermore, it was shown how a possible detection in
the near future provides direct information about the
source evolution and BBH mass distribution, as well as
the neutrino emission properties.
The results for a more model dependent analysis
were also presented. Firstly, assuming the GRB-fireball
model, the current and expected bounds on fνBBH were
used to put a bound on the amount of matter present
in the BBH environment at the time of the merger.
The results of this are presented in Table II. Secondly,
the GRB-fireball model is combined with a model for
a dead accretion disk around one of the black holes.
The neutrino energy fraction expected in this situation,
fνBBH ≈ 10−7, is below the reach of LIGO run O2.
Finally, it should be noted that while for BBH mergers
no neutrino emission is typically expected, realistic
models of neutrino production can not be ruled out at
the moment. In the future, it will be possible to use
searches for neutrino emission to probe the black hole
binary environment, independently from searches for
gamma ray emission. In addition, the same approach
can be used for other source classes, such as neutron
star-black hole and neutron star-neutron star mergers,
where one does expect neutrino emission.
TABLE II: Summary of the strongest bounds on fmatter.
fmatter
GW150914 non-detection 8× 10−2 × ∆Ω
0.2×0.2
Prospects (NBBH = 10) at 68% CL 6× 10−3 × ∆Ω0.2×0.2
Prospects (NBBH = 35) at 68% CL 3× 10−3 × ∆Ω0.2×0.2
Expectation: Fireball + dead acc. disk 10−7
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